Lysophosphoglycerides accumulate in ischemic myocardium and induce electrophysiologic alterations in normoxic tissue in vitro closely resembling those seen with ischemia in vivo. Delayed afterdepolarizations and triggered activity may be particularly important in the pathogenesis of arrhythmias in the ischemic heart. The present study was performed to determine whether lysophosphatidylcholine (LPC), at concentrations comparable to those present in ischemic myocardium, can induce delayed afterdepolarizations and/or triggered activity in normoxic canine Purkinje fibers. In the present study, as little as 75 fiM LPC was found to induce delayed afterdepolarizations and as little as 100 /xM LPC was found to induce delayed afterdepolarizations and triggered activity even at low cycle lengths. The amplitude of the induced delayed afterdepolarizations was enhanced by augmentation of the extracellular concentration of calcium (7 mM) or by exogenous eplnephrine (10"' to 10"' M). 
M
ALIGNANT ventricular arrhythmias account for most deaths in patients with coronary artery disease. Reentry within ischemic myocardium may contribute to the maintenance of ventricular tachycardia. 1 However, ventricular ectopic activity may be initiated from nonischemic tissue as a result of current flow from ischemic to nonischemic regions because of the marked differences in repolarization time. 1 Alternatively, initiation of ectopic complexes or ventricular tachycardia may result from delayed afterdepolarizations (DADs) giving rise to triggered rhythms. DADs and triggered activity have been demonstrated in a variety of cardiac tissues 2 "* and have been seen in tissue isolated one day after infarction. 5 These DADs and triggered activity, occurring at reduced membrane potentials, are enhanced by epinephrine and by increased concentrations of extracellular calcium [Ca 2+ ] 0 . Because myocardium early after 8 DADs and triggered activity may occur in such regions and contribute to arrhythmogenesis. We and others have shown that lysophosphoglycerides, including lysophosphatidyl choline (LPC) and lysophosphatidyl ethanolamine (LPE), accumulate in ischemic myocardium, in venous effluents and lymph from ischemic regions. 9 " 12 At concentrations comparable to those found in ischemic tissue in vivo, LPC induces profound electrophysiologic derangements in normoxic tissue in vitro,'
U3~16 resembling those seen in ischemic myocardium in vivo. 6 LPC also augments total cellular calcium content. 17 Thus, lysophosphoglycerides may mediate several of the electrophysiologic abnormalities characteristic of ischemic myocardium and could potentially induce DADs and triggered activity. The present study was performed to determine whether concentrations of LPC comparable to those present in ischemic myocardium can induce DADs and triggered activity in vitro and, if so, to identify factors that might influence their magnitude.
Materials and Methods
Adult dogs (10 to 35 kg) were anesthetized with sodium thiopental (10 mg/kg). Hearts were removed rapidly through a left lateral thoracotomy and placed in oxygenated Krebs solution at room temperature. Pur-kinje fiber strands with attached endocardial tissue were dissected from the right and left ventricles, pinned to the bottom of a 7.5-ml tissue bath lined with wax, and supervised continuously (flow rate = 2.5 ml/min) with Krebs solution equilibrated with 95% O 2 -5% CO 2 at pH = 7.4 and 36°C, and containing (mM)Na + 150, K + 4.0, Mg 2+ 1.0,Ca 2+ 3.0, Cl" 136, PO 4 " 3 0.9, HCO 3 -22, and glucose 5.0. Fibers were paced at a cycle length of 900 msec and allowed to stabilize for 30 minutes. Stimuli at 2-msec duration and twice diastolic threshold were delivered via a teflon-coated stainless steel bipolar electrode. Transmembrane potentials were recorded with the use of standard microelectrode techniques and a glass capillary microelectrode filled with 3 M KC1 (with tip resistance of 5 to 20 MH). Signals were processed through a high-impedance unity gain electrometer (Model M4A, W-P Instruments), amplified, and stored on FM analog tape (15 ips, frequency response 1.6 kHz at 3 dB). Action potential recordings stored on analog tape were analyzed off-line with an automated system as described previously. 18 
Experimental Protocol
For each experiment, the fibers were driven at an initial basic cycle length of 900 msec. Under control conditions and at 3-to 10-minute intervals after superfusion with the agent to be tested, the fibers were stimulated at selected cycle lengths from 150 to 900 msec for 20 ± 1 beats. They were then observed for detection of DADs or triggered activity.
In the first set of experiments, fibers were superfused with the modified Krebs solution containing 75 or 100 /xM LPC (L-palmitoyl-glycero-3-phosophoryl choline) until DADs with amplitude greater than 5 mV were seen at a pacing cycle length of 200 msec (usually after 10-20 minutes of infusion) or until the resting membrane potential reached -50 mV. The pacing protocol was performed at cycle lengths of 900, 700, 500, 400, 300, 200, and 150 msec.
We and others have shown that superfusion of Purkinje fibers and ventricular muscle with LPC leads to a decrease in resting membrane potential, action potential amplitude, and rate of phase 0 depolarization (Y™,) -9 '"' 13 "' 6 However, to assess the response of DADs and triggered activity induced by LPC to specific interventions, it was necessary to develop a stable preparation in which DADs could be maintained for a prolonged period. In preliminary studies, we found that when the infusion of LPC was terminated and Krebs buffer without LPC was initiated at a time when DADs appeared and when the maximum diastolic potential (MDP) was reduced only modestly, DADs persisted for as long as 30-45 minutes until the MDP returned toward control values. This was accomplished by using a low flow rate (2.5 ml/min), and preparations chosen for analysis were those exhibiting a modest and sustained reduction of membrane potential. If more rapid flow rates were used, the fibers would exhibit a rapid reversal of the MDP to control values and loss of the ability to exhibit DADs. This finding is in agreement with our results with electron microscopic autoradiography demonstrating rapid catabolism and washout of radiolabelled LPC in isolated Purkinje fibers and ventricular muscle coincident with a reversal of the electrophysiologic alterations."
A second series of experiments was performed to define the effects of catecholamines on DADs and triggered activity. Infusion of LPC (75 /xM) was initiated until DADs first appeared, followed by 5-minute infusions of epinephrine at final concentrations of 10" 9 , 10" 8 , 10-7 , and 10" 6 M. Each infusion was followed by a 5-minute washout interval. The pacing protocol was performed at cycle lengths of 500, 300, 200, and 150 msec during the control period, at the end of the infusion of LPC, and at the end of each infusion of epinephrine. In several experiments, the pacing protocol was repeated at the end of each washout interval as well. Control experiments were performed in additional fibers with a 5-minute infusion of epinephrine (10~6 M) without previous exposure of the fiber to LPC and with the pacing protocol performed before and after infusion of epinephrine.
In a third series of experiments, LPC (75 fiM) was infused until DADs appeared. A 5-minute infusion of epinephrine (10~6 M) followed. After termination of the infusion of epinephrine, either 1-propranolol (10~6 M) or the water soluble a,-adrenergic blocking agent, BE-2254 (10~6 M), was infused continuously throughout the duration of the experiment. Five minutes after infusion of either the a-or /3-adrenergic blocking agent, infusion of epinephrine (10~6 M) was repeated. After the second infusion of epinephrine was terminated, either the a-or /3-adrenergic blocking agent not tested in the first portion of the protocol was infused continuously throughout the duration of the experiment. Five minutes after infusion of the second adrenergic blocking agent, epinephrine (10~6 M) was infused again for 5 minutes. The pacing protocol was performed every 5 minutes at cycle lengths of 500, 300, 200, and 150 msec after DADs appeared.
To determine whether the effect of propranolol (10~6 M) to block the response to epinephrine was mediated by specific blockade of /3-adrenergic receptors or by additional membrane properties of the agent, fivefold lower concentrations of 1-propranolol (2 X 10~7 M) were used. In additional fibers, infusion of LPC (75 /iM) was performed until DADs appeared. After the first 5-minute infusion of epinephrine (10~6 M), continuous infusion of 1-propranolol (2 X 10~7 M) was initiated, a concentration devoid of direct membrane effects. 20 Five minutes later, the infusion of epinephrine (10~6 M) was repeated. The pacing protocol was performed every 5 minutes at cycle lengths of 500, 400, 300, 200, and 150 msec after the appearance of DADs.
To determine whether the effect of LPC to induce DADs was dependent on release of endogenous catecholamines, additional experiments were performed in which LPC (75 /JM) was infused until DADs appeared, followed by a 5-minute infusion of 1-propranolol (10~6 M). The pacing protocol was performed at cycle lengths of 500, 400, 300, 200, and 150 msec during the control period, at the end of the infusion of LPC, and at the end of the infusion of 1-propranolol.
In 2 mixture. The pacing protocol was performed at cycle lengths of 500, 400, 300, 200, and 150 msec during the control period, at the end of the infusion of LPC, 5 minutes after infusion of epinephrine, and 5 minutes after superfusion with the low pH-high K + Krebs solution.
LPC (1 -palmitoyl-glycerol-3-phosphorylcholine) and 1-epinephrine bitartrate were obtained from Sigma Chemical, St. Louis; verapamil was a gift from Knoll Pharmaceuticals; BE-2254 was a gift from Beiersdorf AG; and 1-propranolol hydrochloride was a gift from Ayerst Laboratories.
Data Analysis
The amplitude in millivolts of the delayed afterdepojarizations was measured from the MDP of the preceding action potential to the peak of the delayed afterdepolarization. The coupling interval in msec was measured from the upstroke of the preceding action potential to the peak of the delayed afterdepolarization. Data were expressed as mean ± SEM. The statistical procedures included t tests for paired or grouped data and analysis of variance for multiple comparisons. Differences with /?<0.05 were considered significant.
Results

Delayed Afterdepolarizations and Triggered Activity Induced by LPC
Responses of superfused Purkinje fibers to LPC (75 or 100 fiM) in two representative experiments are shown in Figure 1 . In Panel A, a train of paced beats results in a delayed afterdepolarization that does not produce a triggered beat. In Panel B, a train of paced beats results in a triggered beat followed by a delayed afterdepolarization. In a total of 18 consecutive experiments, superfusion with LPC at concentrations of 75 or 100 /xM resulted in delayed afterdepolarizations (DADs) in 13 (72%), i.e., 7 of 10 at 75 /i,M and 6 of 8 at 100 /xM. In each of the 13 preparations exhibiting these phenomena, DADs occurred at a basic cycle length (BCL) of ^300 msec. However, only 3 preparations exhibited DADs at a BCL of 400 msec (2 at 100 /xM LPC, 1 at 75 /i,M LPC), and none exhibted DADs at a BCL >500 msec (Figure 2 ). At comparable paced cycle lengths, LPC (100 piM) induced DADs with greater amplitude than those induced by 75 fiM LPC (p<0.01 for BCL <;300 msec) even though the coupling interval did not vary appreciably ( Figure 2) . Action potential characteristics at a cycle length of 900 msec before and after infusion of LPC when DADs first occurred are shown in Table 1 . At the time of appearance of DADs, the membrane potential was decreased modestly (-83.5 ± 3.7 mV for 75 /AM LPC, -82.5 ±2.1 mV for 100 fjM LPC, p<.05 versus control for both concentrations). If the decrease in MDP became pronounced beyond -60 mV, DADs were no longer evident. At potentials more negative than -85 mV, DADs could not be initiated. Thus, there was a "window" of reduced membrane potential at which DADs and triggered activity occurred. Despite the fact that action potential parameters were similar with 75 /uM and 100 fiM LPC at the time of appearance of DADs, DADs appeared more rapidly when the concentration of LPC was 100 /nM. As with other experimental preparations demonstrating DADs, 3 shorter pacing cycle lengths resulted in DADs with increased amplitudes and shorter coupling intervals ( Figure 2 ). Delayed afterdepolarizations induced by LPC were usually single. However, when more than one DAD was present, the first depolarization consistently had the greatest amplitude. If triggered activity occurred, it arose from the first DAD, a response typical of other preparations exhibiting DADs other than those induced by digitalis. 3 Triggered activity occurred in 5 of the 6 preparations superfused with 100 /xM LPC but only at a paced cycle length <200 msec.
Triggered activity also occurred with LPC (75 /i,M) in the presence of epinephrine (10~6 M) (see below). Triggered activity varied from a single triggered beat to sustained triggered activity persisting for several minutes. An example of sustained triggered activity in the presence of LPC (100 /nM) and epinephrine (10~6 M) is shown in Figure 3 . Termination of the triggered activity was generally preceded by a gradual increase in cycle length resulting eventually in a DAD that failed to reach threshold.
Influence of Epinephrine on Delayed Afterdepolarizations and Triggered Activity
The effects of increasing concentrations of epinephrine on DADs induced by LPC (75 /LtM) were assessed in 3 preparations (Figure 4 ). Increasing concentrations of epinephrine from 10~9 to 10" 6 M resulted in corresponding increases in the amplitude of DADs at each BCL and led to the appearance of DADs at a BCL of 500 msec (Figure 4 ). Epinephrine (10~6 M) resulted in more than a twofold increase in amplitude above control levels for BCL ^200 msec and nearly a twofold rise for a BCL = 300 msec (p<0.05). In addition, epinephrine induced triggered activity at a BCL of 150 msec in all preparations and at a BCL of 200 msec in 2 of 3 preparations. In two studies, the pacing protocol was performed during each infusion of epinephrine as well as between the infusions. In each case, the amplitude of the DADs returned to baseline within 5 minutes after washout of epinephrine and before initiation of the next infusion of epinephrine. In additional control experiments, 3 preparations were superfused for 5 minutes only with epinephrine (10" 6 M) in the absence of LPC. DADs were not induced even at the shortest BCL of 150 msec.
Effect of a-and fi-Adrenergic Blockade
To determine whether the augmentation of the amplitude of DADs and the initiation of triggered activity by epinephrine were mediated by a-or )3-adrenergic receptor stimulation, experiments were performed in 3 preparations with successive infusions of the a-adrenergic blocking agent, BE-2254 (1(T 6 M) and 1-propranolol (10~6 M). As shown in Figure 5 , epinephrine triggered activity ( Figure 5 ). During washout of epinephrine and infusion of l-propranolol with continued infusion of BE-2254, the amplitude of the DADs again returned to baseline levels. Subsequent infusion of epinephrine (10~6 M) with concomitant /3-blockade failed to augment the amplitude of the DADs or initiate triggered activity. The maximum diastolic potential was not significantly different from that at which epinephrine enhanced DAD amplitude and initiated triggered activity with concomitant a-adrenergic blockade. The summarized da^a from two similar experiments are shown in Figure 6 . Epinephrine increased the amplitude of DADs induced by LPC, led to the appearance of DADs at a BCL of 500 msec, and initiated triggered activity at short BCL in both preparations. With infusion of BE-2254 (10" 6 M), the DAD amplitude returned to control levels prior to infusion of epinephrine. Subsequent reinfusion of epinephrine (10~6 M) enhanced DAD amplitude and initiated triggered activity, but not after infusion of l-propranolol ( Figure 6 ). With reversal of the order in which the adrenergic blockers were given (not shown), the epinephrine-induced increase in DAD amplitude and initiation of triggered activity (at a BCL of 150 msec) was completely abolished in the presence of l-propranolol. During reinfusion of epinephrine in the presence of both aand /3-adrenergic blocking agents, DAD amplitude did not increase above baseline, and no triggered activity was initiated.
As shown in Figure 6 , infusion of l-propranolol (10~6 M) after washout of epinephrine resulted in a small (0-3 mV) decrease in the amplitude of DADs compared to that produced by LPC alone. To assess whether l-propranolol had any direct effect on DADs induced by LPC, experiments were performed in 2 preparations with infusion of l-propranolol (10~6 M) after DADs were induced by LPC (75 FIM). At cycle lengths of 150, 200, 300, 400, and 500 msec, LPC 
FIOURE 6. Influence of LPC (75 yM) in the presence and absence of epinephrine (Epi) with and without BE-2254 (10~6 M) and l-propranolol (10~6 M) on the amplitude of delayed afterdepolarizations (DAD). The bars at the top indicate the time during which each agent was present and each curve represents the amplitude at a given basic cycle length (BCL) in msec, t denotes the presence of triggered activity in both preparations.
BCL » FIGURE 7. Influence of epinephrine (10 6 M) (Epi) on the amplitude of delayed afterdepolarizations (DAD) induced by LPC (75 fiM) in the presence and absence of l-propranolol (2 X 10~7 M). The bars at the top indicate the time during which each agent was present, and each curve represents the amplitude at a given basic cycle length (BLC) in msec, t denotes the presence of triggered activity in 2 of 3 preparations.
induced DADs with amplitudes of 10, 7.5, 4.5, 3, and 0 mV, respectively. After infusion of l-propranolol, DAD amplitudes were 10, 8, 4.5, 3.5, and 0 mV. Thus, l-propranolol had no direct effect on the amplitude of DADs induced by LPC.
To determine whether the effect of l-propranolol (10~6 M) in blocking epinephrine's effect on DAD amplitude and triggered activity was due to blockade of /3-adrenergic receptors or to a membrane effect of propranolol, three preparations were exposed to LPC (75 /i.M) until DADs appeared ( Figure 7 ). Epinephrine (10~6 M) enhanced the amplitude of the DADs and elicited triggered activity in 2 of 3 preparations at a BCL of 150 msec. During washout of epinephrine, a fivefold lower concentration of l-propranolol (2 x 10" 7 M) was infused with return of DAD amplitude to baseline levels. Subsequent infusion of epinephrine (10~6 M) failed to increase DAD amplitude or initiate triggered activity. Thus, the effect of l-propranolol is secondary to its /3-adrenergic blocking properties rather than its direct membrane effect seen at higher concentrations (10~6 M).
Effects of Calcium, Verapamil, and Manganese
To determine whether DADs and triggered activity induced by LPC were affected by calcium, verapamil, and manganese, three sets of experiments were preformed. In the first (n = 3), fibers were exposed to LPC (75 FJM) until DADs occurred. The response to verapamil (1 mg/1) was assessed 20 minutes after the initiation of verapamil infusion. A representative experiment is shown in Figure 8 . LPC induced DADs at a maximum diastolic potential of -83 mV, a response abolished by verapamil despite persistence of the depression of the MDP (Figure 8 ). In the second series of experiments (n = 4), after initial exposure to LPC (75
Hfflffl' the fibers were exposed to increased [Ca 2+ ] 0 (7.0 mM) (Figure 9 ). The increased extracellular calcium augmented the amplitude of the DADs, elicited triggered activity at a BCL ^ 200 msec in 2 of 4 preparations, and led to DADs at a BCL of 500 msec. Verapamil (1 mg/1) significantly attenuated the response to increased calcium ( Figure 9) . A third series of experiments (n = 3) was performed similar to the second series but with Mn 2+ (2.5 mM) rather than verapamil. A representative experiment is shown in Figure 10 . The amplitude of LPC-induced DADs was enhanced by increased [Ca 2+ ] 0 . Infusion of Mn 2+ (2.5 mM) attenuated DAD amplitude, an effect which was reversed after washout of the Mn 2 + .
FIGURE 8. Results from a representative experiment illustrating the effect ofverapamil (1 mgll) on delayed afterdepolarizations induced by LPC (75 \xM) at a stimulation basic cycle length (BCL) of 150 msec (left) and 200 msec (right). The control recordings are in
Effects of Hyperkalemia and Acidosis
Because ischemia in vivo is associated with both acidosis and an increase in extracellular K + , additional experiments (n = 3) were performed to determine whether DADs induced by LPC (75 fxM) would persist in the presence of acidosis and hyperkalemia. A representative experiment is shown in Figure 11 . LPC induced DADs at reduced membrane potentials, which were enhanced by epinephrine. In the presence of acidosis (pH 6.7) and increased extracellular [K + ] o (7 mM), membrane potential was further reduced, but DADs persisted and were nearly comparable in magnitude to those seen in the presence of normal pH and [K + ] o ( Figure 11) .
Discussion
These results demonstrate that LPC, at concentrations comparable to those found in ischemic myocardium," induces DADs and triggered activity which are accentuated by catecholamines and by increases in extracellular calcium. Delayed afterdepolarizations occur in a variety of tissues, including the canine coronary sinus 3 and canine and human Purkinje fibers. 24 They can be induced by digitalis 2 and are seen in tissue preparations obtained from subendocardial regions one day after infarction. 5 The induction by LPC of DADs, however, is the first observation demonstrating that an endogenous factor that accumulates during early ischemia can result in this type of abnormal electrical activity.
The concentrations of LPC used in the present study were 75 or 100 (X.M. Results of previous studies from our laboratory obtained with electron microscopic autoradiography indicate that exposure of myocytes to a concentration of LPC of 100 /U.M leads to electrophysiological alterations when as little as 1 % of myocardial sarcolemmal phospholipids is supplanted by exogenous LPC. 19 
.5 mM) infusion, and Mn 2 + washout on the amplitude of delayed afterdepolarizations (DAD) induced by LPC (75 /JLM). Each curve demonstrates the response at a different basic cycle length (BCL) in msec.
is incorporated. Reversal of the electrophysiologic effects occurs when approximately 50% of the incorporated LPC is removed by either washout or metabolism. 19 An increase of LPC of 1 nmol/mg protein is comparable to the increase seen within 10 minutes of ischemia in vivo u and within 2 minutes of ischemia associated with severe ventricular arrhythmias. 22 Although results from an in vitro model of total ischemia have suggested that interstitial levels of LPC during early ischemia may not be of sufficient magnitude to produce electrophysiologic alterations, 23 the model may not be comparable to ischemia in vivo since the time course of ultrastructural alterations varied considerably from that of in vivo ischemia. Furthermore, factors such as the absence of the 10-15% residual flow to the ischemic region in vivo and the absence of intact autonomic innervation in this autolysis model may be important, especially since catecholamines released during ischemia in vivo may enhance phospholipase A 2 activity 24 and thereby enhance the production of" LPC. Several findings indicate that, during ischemia in vivo, the LPC that accumulates in the extracellular space is critical to the development of the associated electrophysiologic alterations: 1) LPC accumulates in venous effluents from ischemic regions at a level sufficient to induce marked electrophysiologic effects; 9 2) enhancement of the intracellular concentration of LPC by pressure microinjection fails to induce significant electrophysiologic effects analogous to that seen with extracellular delivery; 12 and 3) the concentration in cardiac lymph in vivo draining the ischemic region increases from 85 to 197 /xM, 12 an increase sufficient to induce electrophysiologic effects in vitro 423 even in the presence of lymph proteins. Thus, the concentration of LPC used in the present study, the extent of membrane incorporation required, and levels in the interstitium with direct access to the myocyte correspond closely to those seen with ischemia in vivo.
That the presence of DADs resulting in triggered rhythms may account for the finding that initiation of ventricular tachycardia early after the onset of ischemia reflects early activation of normal regions immediately adjacent to ischemic region by a mechanism other than reentry.' Although triggered activity occurred at low cycle lengths, DADs occurred at a BCL as high as 500 msec in the presence of epinephrine. Since triggered activity occurred when DAD amplitude increased sufficiently to attain threshold, enhancement of DADs at these BCLs leading to triggerred activity and initiation of ventricular tachycardia could arise by conditions during ischemia not reflected by our in vitro model of ischemia: 1) a greater degree of intracellular acidosis in vivo, which would enhance DAD amplitude; 25 2) further increased cytosolic Ca ++ mediated by inhibition of sarcoplasmic reticulum Ca ++ -activated ATPase due to rapid depletion of ATP; 26 and 3) further inhibition of Na + /K + ATPase during ischemia (other than by LPC), causing increased intracellular Na + leading to increased cytosolic Ca + + by Na + /Ca + + change. 27 Janse and van Capelle 28 have reported that subthreshold depolarizations resulting from electrotonic currents transmitted through inexcitable passive elements could, when properly timed, lead to triggered rhythms. However, since inexcitable zones were not found in a large percent of the preparations evaluated, another mechanism such as triggered activity secondary to DADs induced by LPC may lead to initiation of ventricular tachycardia. The "window" of reduced membrane potential with which DADs and triggered activity occurred corresponds to the magnitude of the membrane potential seen during the first several min- utes of ischemia in vivo. 6 This relation suggests that DADs are one potential mechanism accounting for arrhythmias early after the onset of ischemia when the membrane potential is depressed only modestly. However, continued suppression of the membrane potential with more prolonged ischemia is likely to prevent the occurrence of DADs and triggered activity. On the other hand, because reperfusion is associated with rapid but heterogenous recovery of the membrane potential, DADs may reappear as the membrane potential recovers toward normal, a mechanism potentially responsible for the accelerated ventricular rhythms characteristic of reperfusion in vivo.
79 ' x Lysophosphatides have also been reported to increase in tissue 24 hours after myocardial infarction. 31 Since triggered activity associated with DADs has been reported to occur 1 day after infarction, 5 accumulation of LPC may be the responsible mechanism. However, the compartmentalization of the increased LPC at this later time interval would be critical to infer a cause-effect relation.
The influence of LPC on the amplitude of DADs appeared to be dependent on concentration. LPC at 75 /i.M induced DADs but did not elicit triggered activity, whereas a concentration of 100 /JM resulted in a significant augmentation of the amplitude of DADs accompanied by triggered activity. The DADs and triggered activity induced by LPC had characteristics similar to those demonstrated in subendocardial preparations from 1-day-old canine infarcts 3 : 1) amplitude increased and coupling interval decreased with shorter pacing cycle lengths; 2) DADs and triggered activity occurred at reduced membrane potentials and were no longer initiated as the resting membrane potential normalized with continued superfusion; 3) DAD amplitude was increased by increased extracellular Ca 2+ or epinephrine and decreased by verapamil. However, DADs demonstrated in tissue derived from 1-day-old infarcts occurred at lower membrane potentials and at much higher pacing cycle lengths than those induced by LPC, and triggered activity could be induced by background slow Purkinje activity or a single stimulated action potential. These differences may reflect the different electrophysiologic properties of 1-day-old myocardial infarcts 32 compared with changes seen in the first few minutes of myocardial ischemia. 33 Furthermore, although DADs occur 24 hours after infarction, more recent evidence 34 indicates that they may be induced by the hyperpolarization associated with recovery of the isolated subendocardial preparations and that the predominant rhythm at 24 hours after infarction is due to enhanced automaticity rather than triggered activity.
Delayed afterdepolarizations induced by LPC were usually single, but when more than one DAD was present, the first depolarization always had a greater amplitude and was the only one from which triggered activity would arise. The coupling interval of LPCinduced DADs does vary directly with the cycle length ( Figure 2 ) but is longer than in DADs induced by digitalis. 35 However, even a coupling interval as large as 2000 msec (as seen with LPC = 100 fiM at a BCL of 400 msec) has been demonstrated with DADs induced by caffeine 36 and grayanotoxin. 37 Thus, there are several differences between DADs induced by digitalis and those induced by agents other than digitalis. 38 The reason for the differences are unknown but may relate to properties unique to digitalis.
Although the specific mechanisms responsible for the occurrence of DADs in tissue exposed to LPC are not known, they are likely to involve an increase in intracellular calcium. LPC not only increases the uptake of 43 Ca 2+ but also increases total cellular calcium content in cultured rat myocytes. 17 16 despite the fact that LPC can increase adenylate cyclase activity in broken cell preparations and increase production of cyclic AMP in isolated perfused hearts independent of catecholamines. 40 In addition, the decrease in the I n in ventricular muscle in response to LPC occurs concomitantly with a marked increase in contractility. 16 Thus, the increased concentration of intracellular calcium seen in response to LPC is not likely to be mediated by enhancement of the I,,. Results of previous studies indicate that intracellular calcium overload leads to an oscillatory release of calcium from the sarcoplasmic reticulum, which then causes a change in membrane conductance and a transient inward current leading to DADs. 41 The transient inward current is not carried by the I,, 4243 but rather by sodium ions, and possibly potassium ions through either a TTX-insensitive "leak" channel 44 or through an electrogenic Na + -Ca 2+ exchange. 43 Agents that modify the 1^ inhibit the transient inward current 42 and depress DADs 3 secondary to decreases in the total concentration of intracellular calcium. Verapamil prevents the accumulation of calcium induced by a short exposure of cultured myocytes to LPC, 17 a finding that may account for the inhibition by verapamil and Mn 2+ of DADs and triggered activity induced by LPC in the present study. These observations could explain the reduction by verapamil of the incidence of ventricular arrhythmias early after the onset of myocardial ischemia in vivo.4 6 Epinephrine increased the amplitude of DADs induced by LPC in a concentration-dependent fashion and led to triggered activity at higher concentrations. The effect of epinephrine was mediated by stimulation of the /3-adrenergic receptor based on the rinding that 1-propranolol, but not BE-2254, blocked the enhancement of the amplitude of DADs and initiation of triggered activity by epinephrine, similar to the response seen with DADs induced by digitalis. 47 Furthermore, the effect of propranolol was not due to its nonspecific membrane properties since a fivefold lower concentration of propranolol, which lacks these nonspecific membrane properties, 20 also blocked the effect of epinephrine. The action of /3-adrenergic stimulation on the I,, is mediated through stimulation of adenylate cyclase and the subsequent activation of a cyclic AMPdependent protein kinase that phosphylates the protein constituent of the slow calcium channel.4 8 Thus, $-adrenergic stimulation increases intracellular cyclic AMP and increases the I u by increasing the number of functional Ca 2+ channels. 49 This increase in intracellular calcium is likely to provide the trigger for the transient inward current and the occurrence of DADs and triggered activity. Although a-adrenergic stimulation did not enhance the amplitude of DADs induced by LPC, recent observations suggest that DADs can be induced by phenylephrine in the presence of a high concentration of extracellular calcium, an effect blocked by prazosin or phentolamine. 50 Although this effect may not be operative during ischemia per se, aadrenergic stimulation may enhance the development of DADs and triggered activity during subsequent reperfusion when intracellular calcium is increased markedly. This conclusion is further supported by recent findings indicating that a-adrenergic blockade can attenuate the increase in intracellular calcium resulting from reperfusion of reversibly injured ischemic myocardium 31 and may also account for the marked antiarrhythmic effect of a-adrenergic blockade during reperfusion associated with blockade of the catecholamine-induced accelerated idioventricular rhythm."
Delayed afterdepolarizations induced by LPC and enhanced by epinephrine persisted even in the presence of increased extracellular [K + ] o (7 mM) and acidosis (pH = 6.7) comparable to that found in the first several minutes of myocardial ischemia. 33 This rinding is in contrast to others indicating that elevation of [K + ] o to 6 mM completely abolished DADs induced by acetylstrophanthidin. 54 The differences are likely related to the fact that reduction of pH to 6.7 leads to a threefold increase in the sensitivity of Purkinje fibers and myocardium to the electrophysiologic effects of exogenous LPC in vitro 91 * and would also inhibit the catabolism of LPC by inhibition of lysophospholipase. 33 In addition, acidosis has recently been shown to enhance the amplitude of DADs. 25 Thus, the reduction in pH appears to overcome the inhibitory effect of increasing [K + ] o on DAD amplitude indicating that during ischemia in vivo, the extracellular accumulation of LPC combined with the decrease in pH and increase in [K + ] o and catecholamines would likely lead to the development of DADs and triggered rhythms. Because analysis of ischemic tissue in vitro is limited by the rapidity of the reversal of electrophysiologic alterations, the applicability of these findings to ischemia in vivo will require assessment of the presence of DADs and associated triggered activity in vivo as well.
